Geochemical research into volcanic rocks often involves isotopic analysis of whole rock powders. The method of Deniel and Pin (Anal. Chim. Acta, 2001, 426, 95-103) for simultaneous isolation of strontium and lead using extraction chromatography via Sr spec TM resin was therefore adapted into a straightforward procedure for Sr and Pb isotope ratio determination by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS). The main focus was to reduce their rather extensive and costly cleaning procedures for resin and columns without negatively affecting data quality. It was furthermore demonstrated that non-quantitative Sr and Pb recoveries do not compromise the quality of the isotope data obtained and that no Pb isotopic fractionation occurs on the Sr spec TM resin. The accuracy of the analyses was assessed by monitoring rock reference materials.
Introduction
Isotope ratios of Sr and Pb are used extensively in geological, geochronological and archaeological studies. [1] [2] [3] [4] [5] [6] [7] Part of our research into the geochemistry and petrology of the South Aegean arc for example, involves isotopic fingerprinting of the different sources contributing to the final geochemical signature of the arc magmas. Sr and Pb isotope ratios therefore need to be determined for a large collection of volcanic rocks, ranging from basaltic andesites to rhyodacites. Thermal ionisation mass spectrometry (TIMS) has traditionally been the reference technique for high-precision isotope ratio determination of the heavier elements. 8 However, multi-collector inductively coupled plasma-mass spectrometry (MC-ICP-MS), combining a powerful ion source with a sector field mass spectrometer and an array of Faraday cups, delivers comparably precise results for Sr and Pb isotopic analysis. 9 High-precision isotope ratio determination via either TIMS or MC-ICP-MS requires quantitative isolation of the target element from its matrix prior to isotope ratio measurement. Common isolation techniques for Sr include the use of AG50WX8 ion exchange resin 10, 11 or extraction chromatographic Sr spec TM resin 12 , which can also be used for Pb isolation 13 . Other commonly applied Pb separation methods involve the use of extraction chromatographic Pb spec TM resin 14, 15 or AG1X8 ion exchange resin 16 . The single stage isolation of both Sr and Pb on Sr spec TM resin, as described by Deniel and Pin 17 , has obvious advantages such as reduced laboratory time and sample handling (and hence lower contamination risk), but is still costly and time-consuming due to extensive cleaning procedures. In this paper, we present a routinely applicable method for the single-stage isolation of Sr and Pb from volcanic rock powders. Compared to previously reported procedures, this method reduces costs and laboratory time without compromising accuracy or precision of subsequent MC-ICP-MS analyses. It is furthermore studied whether or not Pb isotopic fractionation occurs on the Sr spec TM resin and how a non-quantitative recovery of Sr and Pb affects the accuracy of the isotope data obtained. The problem of suitable Pb isotopic rock reference materials will also be briefly discussed.
Experimental

Reagents and materials
All sample handling was carried out in class 10 horizontal laminar flow hoods. Pro analysi nitric acid 2) and the Geological Survey of Japan (GSJ) (basalt JB-2). In-house standard LB43 (Ca-rich island arc basalt), previously characterised for its Pb isotopic composition via both TIMS (Adelaide, Australia) and MC-ICP-MS (Amsterdam, the Netherlands) 18 , was used as a fourth rock reference material. Sr spec TM resin (particle diameter 50-100 µm) was purchased from TrisKem International, France (formerly Eichrom Environment). More information on the chemical properties of this extraction chromatographic resin and the binding properties of Sr, Pb and other elements can be found in the literature. 19, 20 Biorad polypropylene 1 mL columns with an internal diameter of 6 mm were used as the container holding the chromatographic resin. Rock powder dissolution and collection of the Sr and Pb fractions during separation was carried out in flat bottom screw cap Teflon (PFA) vials (Savillex, purchased from AHF Analysentechnik, Tübingen, Germany).
Since low blanks are essential for the application of Pb isotope ratios to geology, but can be rather difficult to achieve, special care was taken to clean all lab material thoroughly before use. the vial, gently swirling it and then evaporating to dryness straight away, and was repeated once. The samples were finally taken up in 1.2 mL of 7 M HNO 3 , transferred to a 1.5 mL centrifuge tube and centrifuged for 70 seconds at 6000 rotations per minute. As it was observed that the total amount of sample dissolved was too much to be taken up in the final 1.2 mL of 7 M HNO 3 and a significant deposit was left behind after centrifuging, only 1 mL was brought onto the separation columns. In a second series of analyses, the 0.2 mL residue of reference material AGV-2 was then taken through the last steps of the digestion procedure again and subsequently analysed to assess the impact of this incomplete uptake on data quality. The whole rock digestion procedure described above is only suitable for materials that do not contain refractory minerals such as zircon. However, for near zeroage samples of magmatic rocks the non-dissolution of zircons will only affect the Pb isotope ratio if they are much older xenocrysts.
Three series of separations and analyses were carried out. A first series aimed at determining the necessary level of resin purity and optimising the amount of resin and the volume and type of elution acids needed. In a second series, this method was validated through the analysis of 4 rock reference materials and finally applied to 25 volcanic rock samples from the South Aegean arc. The analysis of two duplicates of rock reference material JB-2 in this second series yielded one anomalous Pb isotopic composition, suggesting that this rock standard has an inhomogeneous Pb isotopic composition.
Another 6 analyses of JB-2, and two more of BHVO-2, were therefore undertaken in a third series. For
Sr isolation the protocol developed by De Muynck et al. 12 was largely followed. The procedure for Pb isolation was based on the method from Deniel and Pin 17 , focusing on whether omitting and/or reducing cleaning steps could reduce laboratory time and costs, without compromising accuracy and precision of the data. The separation scheme tested in the first series is described below and outlined in Table 1 respectively. In the second and third series of separations, this isolation procedure (Table 1) was completed in about 4-5 hours for 20 samples.
Instrumentation and measurement protocols
Quantitative analyses
Quantitative analyses were carried out using a quadrupole-based Perkin-Elmer SCIEX Elan 5000 ICP-MS instrument. The sample introduction system consisted of a multi-channel peristaltic pump (Minipuls-3, sample uptake rate of approximately 1 mL min -1 ), a GemTip cross-flow nebulizer, a Perkin-Elmer Type II spray chamber made of Ryton, and a Perkin-Elmer corrosion-resistant torch with alumina injector. Instrument settings and data acquisition parameters for this instrument are summarised in Table 2 . All purified Sr and Pb fractions were analysed for Rb, Sr and Pb with ICP-Q-MS to (i) determine the Sr and Pb concentrations in each sample, (ii) assess whether Sr was adequately separated from Rb and (iii) find out how fast Pb was eluted from the column. For these measurements, calibration standard solutions with 100 µg L -1 Rb, Sr, Pb, Tl and Y were made, with the latter two elements acting as internal standards, correcting for signal drift and instrument instability. From each sample, an aliquot was diluted 10 times with 0.28 M HNO 3 and Y and Tl were added to obtain a final concentration of 100 µg L -1 for the latter two elements. The concentration data obtained were also used to make the dilutions for MC-ICP-MS measurements.
Isotope ratio determination
Sr and Pb isotope ratio measurements were carried out using a Thermo Scientific Neptune MC-ICP-MS instrument. This instrument provides double-focusing with a Nier-Johnson geometry and was operated in low resolution mode (m/∆m = 400). The sample introduction system consisted of an autoaspirating low-flow (50 µL min -1 ) PFA nebulizer (ESI Scientific, Omaha, NE, USA) mounted onto a combined cyclonic/double-pass spray chamber made of quartz glass. Instrument settings, data acquisition parameters and cup configurations used for Sr and Pb isotope ratio measurements are presented in Table 2 .
Measurement of Sr isotope ratios
Sr concentrations of purified Sr fractions and a solution of NIST SRM 987 were adjusted to 300 µg L -1
by dilution with 0.28 M HNO 3 as it has been shown that the target element concentrations affect the extent of mass discrimination. 21 The MC-ICP-MS cup configuration chosen for Sr isotopic analysis is presented in Table 2 Procedure blanks for Pb (which were lower than 150 pg) were also negligible compared to Pb intensities for samples and standards (<0.07%). 
Data handling and resulting isotopic composition of the rock reference materials
Sr isotope ratios
For Sr isotope ratios, the average of the blanks measured before and after each sample was subtracted from the sample analysis on a scan-by-scan-basis. 
Pb isotope ratios
For the Pb isotope ratios ( Since the debate on the preference and suitability of these two methods is still ongoing 28, 29 , we carried out the mass discrimination correction via both methods and compared the results. For standardsample-bracketing (SSB) the approach described by Elburg et al. 28 31 . The isotope ratios resulting from these two different mass discrimination approaches were compared (see Table 3 ) and yielded isotopic compositions that are identical within analytical uncertainty.
Results and discussion
Sr spec TM resin cleaning
Comparison of the Pb concentrations found in the 10 mL of 6 M subboiled HCl used to wash the Sr (rinsing and storing Sr spec TM in Milli-Q water) was adopted, were also negligible. It is however possible that the purity of Sr spec TM resin varies between different batches and that more thorough cleaning may be necessary in some cases. This could be tested for each batch by undertaking an experiment similar to the one described in this article, in which blanks derived from Sr spec TM resin cleaned in different ways are compared with one another to identify the optimal cleaning procedure for that specific batch of Sr spec TM resin.
Incomplete sample uptake and recovery
It was observed that the total amount of sample dissolved (0.1 g) was too much to be taken up in the final 1.2 mL of 7 M HNO 3 as a significant deposit was left behind after centrifuging. A comparison between the Sr and Pb concentrations obtained after separation and the concentrations expected in the respective rocks, showed that up to 50% of the Sr and Pb was missing. It was therefore investigated in the second series of analyses whether the observed incomplete uptake could be responsible and whether or not this could introduce isotopic fractionation. The deposit of AGV-2 was hereby taken through the last steps of the digestion procedure again, this time resulting in complete uptake, and its Sr and Pb isolated and analysed. Table 3 
Pb isotopic fractionation introduced by the isolation process
De Muynck et al. 12 already reported that no Sr isotopic fractionation occurs during the Sr isolation process using Sr spec TM resin. To assess potential isotopic fractionation of Pb during the isolation process and to obtain the elution profile of the Pb fraction, the 4 mL of 8 M HCl were collected in 10 aliquots of 400 µL each (see Table 1 ), that were afterwards analysed for their Pb concentration and Pb isotopic composition. Up to 2.1% of the total amount of Pb stripped off the resin was already eluted in the 1 mL of 3 M HCl brought onto the column to convert to hydrochloric acid medium (see Fig. 1 ).
The first three elution fractions (1.2 mL of 8 M HCl) represented between 95.3% and 98.7% of the total amount of Pb eluted. Fig. 1 increase of analytical uncertainty and aberrant isotopic ratios in the fourth and fifth fraction can be attributed to the very low Pb concentrations present in these elution fractions (< 8 µg L -1 ).
Note on rock powder reference materials as Pb isotopic standards
The suitability of rock powder reference materials as isotopically homogeneous, matrix-matched standards for Pb isotope ratio analysis of real geological samples has been a 'hot topic' in the geochemical community for about a decade. Pb isotopic analyses of the same rock reference materials have been carried out by different researchers and according to a range of analytical procedures and mass discrimination correction methods. This resulted in the discovery of varying degrees of Pb isotopic heterogeneity between different rock reference materials, and sometimes also between different splits from the same standard. 24, 28, 32, 33 The Pb isotopic analyses carried out by Baker et al. 24 using a 207 Pb-204 Pb double spike and Tl to correct for mass bias show the best external reproducibilities and are therefore chosen as the literature preferred values to compare our results with. The external precision of the data obtained via the method presented in this paper is somewhat lower, but the fact that they match the data of Baker et al. 24 within analytical uncertainty reflects their accuracy (see Table 3 ). Out of the 8 analyses of JB-2 carried out for this research, 7 rendered isotopic compositions in agreement with the preferred value of Baker et al. 24 , who suggested JB-2 to be the most homogenous and therefore the most suitable rock reference material for Pb isotopic measurements.
However, an 8 th duplicate of our split of JB-2 yielded an anomalous isotopic composition outside the analytical uncertainty of previously published high-precision Pb isotopic data, regardless of its lower precision (see Fig. 2 ). After thorough checking of the data reduction process and ruling out potential contamination, this is thought to be no analytical outlier but a true reflection of the Pb isotopic value for this replicate. So far, only one anomalous Pb isotopic measurement of JB-2 has been reported in literature. 28 This was ascribed by Elburg et al. 28 to the presence of nugget contamination, causing good reproducibility of most analyses with only incidental dissolutions suffering from contamination introduced during production of the reference material. The aberrant value found in the present study therefore represents growing evidence that JB-2 is less homogeneous in its Pb isotopic composition than previously reported. The one anomalous BHVO-2 analysis in our study (see Table 3 ) confirms the earlier observations of Baker et al. 24 that BHVO-2 is one of the most heterogeneous rock reference materials for Pb isotope data. This is indeed shown by the low external precision of the average value we obtained for this standard, calculated from three different aliquots that individually agreed within 2 SD with the literature preferred value.
Conclusions
We adapted and optimised the single-stage isolation procedure for Sr and Pb of Deniel and Pin 17 into a more straightforward procedure for routine application to Sr and Pb isotope ratio analyses of volcanic rocks with MC-ICP-MS. Simplifying the pre-cleaning procedure of the Sr spec TM resin and cutting out the use of HBr were major cost-and time-saving adaptations, which we could introduce for our batch of Sr spec TM resin without compromising the quality of the isotope ratio data. It may be possible, however, that different batches of Sr spec TM resin vary in purity and that it therefore needs to be assessed for each batch individually to what extent the resin should be cleaned.
Our analytical procedure does not always allow for complete uptake of the 0.1 g of rock powder in the final volume in which it is taken up before separation chemistry. But analysis of AGV-2's dissolved fraction on the one hand and its deposit on the other hand, yielded Sr and Pb isotopic compositions identical within analytical uncertainty. This indicates that incomplete uptake of the sample does not compromise the resulting Sr and Pb isotopic data.
The isotopic homogeneity of the first three Pb elution fractions, representing up to 98.7% of the total amount of Pb stripped from the resin, indicates that no Pb isotopic fractionation is introduced during the isolation procedure.
Out of eight analyses of JB-2, one gave a distinct Pb isotopic composition outside analytical uncertainty. Together with the one other published anomalous JB-2 analysis 28 this now strongly suggests that this rock reference material, like many others, is isotopically heterogeneous for lead and therefore not as suitable as a Pb isotopic standard as previously thought. Suitable rock reference materials however need to be run within batches of unknowns to be able to demonstrate data accuracy, and JB-2 still seems to be the most suitable Pb isotopic rock reference material. The growing evidence of its nugget contamination, resulting in a varying percentage of 'wrong' aliquots for different splits, can be taken into account by analysing at least two JB-2 duplicates with each batch of samples.
Additionally, an internal lab standard with known isotopic composition gathered via different highprecision isotopic analyses could be used to monitor long-term reproducibility. 24 , the value for LB43 from Elburg et al. 18 . 24, 28, 34 . The one anomalous analysis from this study is presented with its 2SD error bars. 
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